The primary electron donor of photosystem I, P700, is a chlorophyll species that in its excited state has a potential of approximately 31.2 V. The precise chemical composition and electronic structure of P700 is still unknown. Recent evidence indicates that P700 is a dimer of one chlorophyll (Chl) a and one Chl aP. The Chl aP and Chl a are axially coordinated by His residues provided by protein subunits PsaA and PsaB, respectively. The Chl aP, but not the Chl a, is also H-bonded to the protein. The H-bonding is likely responsible for selective insertion of Chl aP into the reaction center. EPR studies of P700 c in frozen solution and single crystals indicate a large asymmetry in the electron spin and charge distribution towards one Chl of the dimer. Molecular orbital calculations indicate that H-bonding will specifically stabilize the Chl aP-side of the dimer, suggesting that the unpaired electron would predominantly reside on the Chl a. This is supported by results of specific mutagenesis of the PsaA and PsaB axial His residues, which show that only mutations of the PsaB subunit significantly alter the hyperfine coupling constants associated with a single Chl molecule. The PsaB mutants also alter the microwave induced triplet-minus-singlet spectrum indicating that the triplet state is localized on the same Chl. Excitonic coupling between the two Chl a of P700 is weak due to the distance and overlap of the porphyrin planes. Evidence of excitonic coupling is found in PsaB mutants which show a new bleaching band at 665 nm that likely represents an increased intensity of the upper exciton band of P700. Additional properties of P700 that may give rise to its unusually low potential are discussed. ß
Introduction
Photosystem I (PSI) functions to produce the reduced NADPH that is then used to reduce carbon dioxide in the reactions of the Calvin cycle. To accomplish this task, PSI uses light energy to generate a powerful reductant, P700*, that can transfer an electron to the primary electron acceptor A 0 , thus initiating electron transfer to NADP [1^3] . The potential of P700* is approximately 31.2 V. Thus, P700* probably is the most reducing compound found in natural systems.
The composition and electronic structure of P700 has been a matter of considerable debate for several decades. While it has long been known that P700 is composed of a Chl a species (Fig. 1) , it is only re-cently that the apparently con£icting results from optical and resonance Raman studies, which indicated that P700 is a dimer of Chl a molecules, and more recent EPR studies indicating a monomeric structure of P700 c , have been resolved. The electronic structure of the cation radical P700 c has been studied in detail by EPR techniques [4] . The earliest studies indicated that P700
c was a Chl a dimer sharing equal proportions of the spin density [5] . However, this has been questioned based on interpretation of ENDOR and ESEEM data obtained from frozen solutions and single crystals of PSI that suggest a highly asymmetrical spin density distribution ranging from 3:1 to 10:1, or even complete localization on a single Chl [6^9] . It has also been suggested that P700 is a Chl a enol [10] , the C13 2 epimer Chl aP [11] , or a chlorinated Chl a [12] .
The crystal structure of PSI from the thermophilic cyanobacteria Synechococcus elongatus is described in the ¢rst paper of this issue [13] . The X-ray structure shows that there are two potential pathways for electron transfer from P700 to F X . It is not clear if one or both of these branches are active [14] . Quantitation of photoaccumulated A c suggesting only one branch is active. However, photoaccumulation of more than one A 3 1 has been reported [15] and recent optical data have been interpreted to indicate that two A 3 1 molecules can be reduced and so both branches are active [14] . The two branches di¡er only in the rate of reoxidation of the reduced A 3 1 molecules by F X [14] . If there is indeed a bias in directionality of electron transfer along one branch, it is likely that this is determined by the local protein environment surrounding P700 and/or the early electron acceptors A and A 0 .
There are many outstanding ambiguities in the electronic structure of P700. Therefore, understanding the electronic structure of P700 and the in£uence of the surrounding environment on its properties is very important for a complete understanding of electron transfer in PSI. This paper critically reviews the existing data on the geometric and electronic structure of P700. The results are discussed in the context of understanding asymmetry in the electronic structure of P700 c and 3 P700 and implications this may have for electron transfer in PSI 1 .
Composition and structure of P700

Chemical composition of P700
The P700 molecule has long been known to be a Chl species in either a monomeric or a dimeric form. Analysis of the chemical composition of PSI preparations using normal phase HPLC detected one or two molecules of the C13 2 epimer of Chl a, termed Chl aP, in addition to Chl a [11] . Treatment of PSI complexes with a mixture of organic solvents and detergents was used to generate active complexes with only eight Chl per P700 that still contained Fig. 1 . Molecular structure and IUPAC numbering scheme for chlorophyll a (Chl a). Chl aP is the 13 2 epimer of Chl a. Chl a enols are formed by isomerization of ring E (several enol forms are possible). 1 Results on P700 derived from FTIR spectroscopy are discussed in detail by Breton [94] . They di¡er from the magnetic resonance data with respect to the symmetry of the spin density distribution of P700 c and the location of the triplet state [95] .
Chl aP. Based upon these results, it was suggested that one or two molecules of Chl aP are present in the PSI reaction center and may even constitute P700. This suggestion was further supported by the observation that the Chl aP/Chl a ratio was high at early stages of thylakoid development during de-etiolation of barley seedlings, prior to the synthesis of the bulk of the antenna Chl [16] . The structural analysis of PSI has revealed [13] that indeed one of the chlorophylls of P700 is the C13 2 epimer. The Chl aP is located on the PsaA-side of the structure.
An interesting question is how Chl aP is synthesized and then assembled into PSI. The substrate speci¢city of several enzymes participating in Chl biosynthesis has been examined. Helfrich et al. [17, 18] have shown that there is no naturally occurring Pchlide aP, and that Pchlide aP cannot be photoreduced to Chlide aP. Furthermore, chlorophyll synthetase does not catalyze the prenylation of Chlide aP. Therefore, Chl aP must be formed after prenylation of Chlide a. To date, no enzyme or activity has been found that would catalyze epimer formation. This raises the intriguing possibility that Chl aP is formed during assembly of the complex and perhaps mediated by the reaction center itself.
The interconversion of Chl a to Chl aP has been studied in detail in various solvents [19^21] . The epimerization rate was found to increase with the polarity of the organic solvent. These studies also found that Chl aP is thermodynamically slightly less stable than Chl a, which may be due to increased steric crowding between the 13 2 -COOCH 3 and 17-propionic acid side chain. However, there is no obvious chemical reason why Chl aP should speci¢cally be incorporated at the PsaA site. It is possible that Hbonding to the 13 1 -keto [13] makes the 13 2 proton more acidic and thus promote isomerization. This, coupled with steric hindrance with amino acids of PsaA could make it favorable for incorporation of Chl aP.
Physical structure
The structure of P700 and the surrounding amino acids is shown in Fig. 2 . P700 is clearly a dimer of one Chl a and one Chl aP. The two chlorin rings overlap at the ring A and B positions and are separated by an interplanar average distance of 3.6 þ 0.1 A î . Each Chl is positioned on either side of an approximate C2 symmetry axis that runs through P700 and F X . Both Chls have an axial ligand provided by a histidine residue from the PsaA or PsaB subunit of Synechococcus elongatus. The axial ligand to the Chl aP (called P A ) is provided by His(A680) and that to Chl a (P B ) is provided by His(B660).
The Chl aP also participates in hydrogen bonds from amino acid side chains and water [13] . The 13 1 -keto carbonyl oxygen at ring E is the acceptor of a H-bond from Thr(A743). The phytyl ester carbonyl oxygen is a hydrogen bond partner with Tyr A735. In addition, the carboxy ester oxygen of the 13 2 -carbomethoxy group is H-bonded by water. Fig. 2 . Structure of P700 (Chl a^Chl aP heterodimer) as obtained from the X-ray crystallographic structure analysis at 2.5 A î resolution [13] . The dimer half bound to PsaA is shown in blue (P A ), the one bound to PsaB in green (P B ). The histidine ligands to the Mg atoms and the residues probably involved in hydrogen bonding to P A are indicated in yellow. For further details see text. Three amino acids (Tyr(A603), Ser(A607) and Thr(A743)) are also putative hydrogen bond partners with this water molecule, but cannot be assigned for certain as the H-bonds are not observable. The Hbond to the 13 2 -carboxymethyl group may be one of the factors that stabilizes incorporation of Chl aP into the PsaA site.
The H-bonding partners in PsaA are not conserved in PsaB. Furthermore, there are no H-bonds to P B . The equivalent residue to Thr(A743) in PsaB is Tyr(B727). While Tyr(B727) would be capable of being a hydrogen bond partner, it is not orientated in a position to H-bond with P B . This H-bonding pattern has important implications for the electronic structure of P700, which is described in more detail below. Each of the H-bonding residues in PsaA is conserved in many diverse species, suggesting that the structural interaction of P700 with the protein environment is evolutionarily conserved. This is likely also true for the presence of Chl aP, as it has been detected in several eukaryotic species.
3. Electronic structure of P700
Optical spectroscopy
The optical di¡erence spectrum of P700 c /P700 exhibits a major broad bleaching band centered around 695^700 nm (Fig. 3) . This absorption has generally been attributed to the Q y transition of Chl a with the majority of the oscillator strength being contributed by the low exciton component [22, 23] . The red shift in the absorption, compared to the Q y transition of Chl a in solution, is thought to result from P700 being a Chl a dimer. The strength of the excitonic interaction between the two Chl a molecules is not clearly understood from experimental data. One suggestion is that the high-energy component has a much smaller oscillator strength and its absorption makes a minor contribution to the total absorption at 695 nm [23] . Others have argued that the high exciton band is positioned around 650 nm, but with weak intensity [24, 25] . The latter model would imply a stronger excitonic interaction between the two Chl a molecules and predict a geometry similar to the primary donor in purple bacteria. The structure of P700 would support the latter model and it Fig. 3 . Flash-induced absorbance di¡erence spectrum of P700/ P700 c measured at room temperature in PSI complexes of C. reinhardtii Wild-type (a) and mutant HN(B656) (c). The spectra are normalized to the same area under the curve in the Q y -region (between 650 nm and 720 nm). Adapted from [63] . Fig. 4 . Microwave induced T3S spectra of dithionite reduced PSI complexes from C. reinhardtii wild-type and mutants of PsaA (a) and PsaB (b). Adapted from [27] . may be the smaller transition moments and the larger distance between the two chlorophylls of P700, compared to the bRC dimer, which weakens the strength of the excitonic interaction [26, 27] .
Additional information on the nature of P700 can be obtained from an analysis of the triplet state, 3 P700. A triplet state is characterized by the zero ¢eld splitting (ZFS) parameters MDM and MEM that re£ect the energy splits between the triplet sublevels in zero-magnetic ¢eld. The ZFS parameters of monomeric 3 Chl a and 3 P700 are very similar and the consensus is that the triplet state is mainly localized on one half of the dimer [28, 29] . The triplet excited state of P700 has a di¡erent interaction with surrounding pigments than its singlet ground state. This makes it possible to measure the triplet-minussinglet (T3S) absorption spectra at a ¢xed resonance frequency (Fig. 4) . The features of the T3S spectra of PSI vary slightly depending on isolation procedure and possibly also the source organism [27, 30] . The main bleaching band in the T3S spectra at 695 nm (Fig. 4) is ascribed to the disappearance of the low exciton band of P700 in the Q y region. Upon triplet formation the excitonic coupling between the two chlorophylls of P700 is lost, resulting in two noninteracting chlorophylls, one in the triplet state and one in the singlet ground state. The appearance of the monomer absorption results in a positive sign in the T3S spectrum [29] . Measurements using LD-ADMR of spinach PSI indicate two conceivable candidates at 682 nm or 692 nm [29] . In addition, the Chl carrying the triplet can interact with neighboring chlorophylls. The positive band between 650 nm and 680 nm in the T3S spectrum of Chlamydomonas reinhardtii PSI (Fig. 4) , and at 674 nm in spinach PSI, has been ascribed to a transition associated with a Chl a in close proximity to 3 P700 [29, 30] . It is still unclear if the Chl a transition detected in these experiments represents the accessory chlorophylls A or A 0 , as suggested by Vrieze et al. [29] .
Electronic structure based on EPR, ESEEM and ENDOR
In the light-induced charge separation process a radical cation of the primary donor, P700
c , is formed after donation of an electron to the electron transfer (ET) chain in PSI. If ET beyond the ¢rst acceptor A 0 is blocked by reduction of F X and A 1 , the triplet state of the donor is obtained, 3 P700 [2] . The method of choice to study these paramagnetic species in their protein environment is EPR spectroscopy [31] .
The triplet state EPR spectrum is dominated by the interaction of the two unpaired electrons leading to the ZFS described by the parameters D and E [32] . Whereas D is proportional to the third power of the reciprocal distance of the two unpaired electrons in the extended Z orbitals of the primary donor, E characterizes the deviation from axial symmetry of the electronic system. The triplet state, 3P700, can be described by a linear combination of two local excitations, 3 P A P B and P A 3 P B , and two charge transfer (CT) states, 3 (P A P 3 B ) and 3 (P . Considering only local excitations, the D value will not be changed signi¢cantly in a coplanar Chl a dimer with respect to monomeric Chl a, but a reduction of E is generally expected. Inclusion of CT states will reduce D. A comparison of the D-and E-values of monomeric 3 Chl a and 3 P700 at low temperatures shows no signi¢cant di¡erence, indicating to ¢rst order a localization of the triplet exciton on a monomeric Chl a^or on one half of the dimer (see [32, 33] for a compilation of data). At room temperature, Sieckmann et al. [34] reported a reduction of E and interpreted this ¢nding as a result of triplet delocalization over two coplanar Chl a molecules. The information available for 3 P700 is at present sparse since no single crystal studies have been performed and hyper¢ne data from ENDOR have not yet been reported. Thus, our understanding of the P700 triplet state is far from complete. We will therefore concentrate in the following on the extensive results obtained for the cation radical P700
c . At X-band frequencies (X mw W9 GHz) P700 c shows a single EPR line centered at an e¡ective electronic g-factor of g = 2.0025(1) with a linewidth of 0.70 to 0.71 mT. Experiments performed on P700 c in PSI from di¡erent organisms show very little variation of this signal, indicating a very stable wellde¢ned species embedded in a conserved protein environment. For monomeric Chl a c the same g-factor was reported but the linewidth was larger, ranging from 0.78 to 0.93 mT depending on solvent [4, 35] . This e¡ect was attributed to a change of the large hyper¢ne coupling constants (hfcs) that contribute to the inhomogeneous linewidths. The original`special pair' model [5] for the primary donor in PSI was c in the unit cell (space group P6 3 ). Adapted from [43] .
based on this EPR line-narrowing e¡ect. Later, the dimeric nature of P700 c was questioned by several groups, and monomeric chlorophylls were proposed to essentially act as the primary donor [9,36^38] . This led to a controversy about the structure and function of P700 in PSI. However, the recent X-ray crystallographic study clearly shows the existence of two spatially closely related chlorophyll molecules (see Fig. 2 ) and the electronic structure of the primary donor could recently be solved by further studies of P700 c using di¡erent magnetic resonance techniques and molecular orbital calculations in combination with studies of site-directed mutants and single crystals of PSI. The results of these experiments are summarized below.
Zeeman interaction
The electronic g value is an integral property of the radical. Its magnitude depends on spin orbit coupling of the distributed unpaired electron in the molecule. According to simple g-factor theory [39, 92] large values are obtained when the spin density is high at atoms with large spin-orbit coupling like oxygen or heavier atoms and small if only carbon atoms are involved. Furthermore, the g-value is an anisotropic quantity. In planar organic Z radicals we have g x ,g y s g z = g e , where g e is the free electron value (2.00232), and g x and g y show only a small deviation from g e (6 10 32 ). Since the anisotropy is small in organic radicals the g tensor principal values of P700
c cannot be resolved at low microwave frequencies. With the advent of high-¢eld/frequency EPR techniques this situation changed. Prisner et al. [40] measured P700 c in deuterated PSI from S. elongatus at room temperature at 140 GHz and obtained g x = 2.00304, g y = 2.00262 and g z = 2.00232, which is typical for a planar delocalized (carbon) Z radical. Bratt et al. [41] repeated these experiments at EPR frequencies above 300 GHz on non-deuterated PSI (Fig. 5 ) and obtained g xx = 2.00307, g yy = 2.00260, g zz = 2.00226 at 200 K and slightly changed values at cryogenic temperature. The g tensor of monomeric Chl a c in an organic solvent measured at 10 K (g xx = 2.00329, g yy = 200275, g zz = 2.00220) by the same group [42] is quite similar to that of P700 c in PSI. Thus, this property does not allow a clear distinction between these species. However, the unusual temperature dependence of the g-tensor values of P700 c , which is not observed in other species, indicates a redistribution of spin density that could occur most easily in a dimeric species [42] .
An important additional information is the orientation of the g-tensor axes which also depends on the details of the electron spin density distribution in P700 c . Very recently, the ¢rst EPR experiments on P700 c in PSI single crystals from S. elongatus per- Fig. 7 . Principal axes system of the g-tensor of P700 c with respect to the molecular framework of the spin-carrying Chl a molecule (P B ) of P700 c in the X-ray structure geometry. Note that it is assumed that the spin density is located on P B [43] . The angles between the g-tensor axes (x p , y p , z p ) and the molecular z-axis of P B and z P B , are 50³, 78³ and 137³, respectively [43] . The direction of the crystallographic c-axis, which is parallel to the membrane plane normal n, is indicated. (A) View direction perpendicular to c and parallel to the plane normal, z P B , of the P B molecule. (B) View direction parallel to the c-axis, side view of the P700 dimer. Figure kindly supplied by S. Zech (see also [43] ).
formed at 94 GHz (W band) have been reported [43] The spectra obtained by rotation in two crystallographic planes are depicted in Fig. 6 . This analysis, together with additional orientational information from spin-polarized high-frequency spectra of the radical pair P700 c A 3 1 yielded g-tensor values identical to those reported in [41] within error and an orientation of the g-tensor that is shown in Fig. 7 . It is evident that the g-tensor axes are not related to any of the molecular axes known from the recent Xray crystallographic structure (Fig. 2) . This has also been observed for the g-tensor of the primary donor P865 c in reaction centers (RCs) of the bacterium Rhodobacter sphaeroides that was studied earlier in RC single crystals using W-band EPR [44] . In the latter system this has been traced back to a di¡erent rotation of the acetyl groups of the two BChl a moiety forming P865
c [45] . However, such acetyl groups are not present in Chl a and the 13 1 -keto groups of this species do not show rotational freedom. The two moieties forming P700 are, however, a Chl a and Chl aP and their interaction with the environment is very di¡erent (see Fig. 2 ). This could probably cause the deviating g-tensor orientation measured for P700
c . High-frequency EPR techniques have been instrumental in determining the g-tensor components of Chl radicals with very low g anisotropy. They allow a sensitive detection of g-changes in di¡erent species or mutants, give information about heterogeneities in the surrounding and variations in the pigment structures; i.e., they provide a much better EPR characterization of P700 c than previously reported by standard X-band (9 GHz) techniques [4] . The interpretation of the g-tensor magnitudes and orientations contributes to a basic understanding of the electron spin distribution in P700 c and the electrons structure in general. However, g-tensor information alone is not su¤cient to predict electronic structure.
Hyper¢ne interaction
In P700 c the unpaired electron is delocalized in the Z system of the Chl(s) constituting the primary donor and interacts with the various magnetic nuclei (mainly 1 H, 14 N). This leads to hyper¢ne (hf) inter- Note that these data were obtained at very low temperature at which some of the hfcs might be in£uenced by dynamic e¡ects (see text), this is particularly true for the hfc at pos. 12
1 . e These hfcs are split in 3-acetyl Chl a c [57] showing that they are degenerate in Chl a c ; the use of CH 2 Cl 2 /CH 3 OH as solvent mixture did not signi¢cantly change the hfcs [59] . f This hfc has a negative sign, it is hard to detect in frozen solutions [57] and is probably not detected in P700
c . Note that the data given in this column were obtained in liquid (isotropic) solution [58] .
action, and the EPR line is split by the hyper¢ne couplings (hfcs) of the di¡erent nuclei. In case of many interacting nuclei the hfcs cannot be resolved and only lead to inhomogeneous line broadening in the EPR. To retrieve the hfcs from the EPR line, more advanced methods with higher spectral resolution must be applied, such as electron-nuclear double resonance (ENDOR) or electron spin echo envelope modulation (ESEEM). In principle, ESEEM allows the determination of dipolar and quadrupolar hyper¢ne interactions from a careful simulation of the modulation of the electron spin echo in solid samples (for details see [46] ). It is a technique complementary to ENDOR and is used mainly for the detection of insensitive magnetic nuclei with small Larmor frequencies and small hfcs that are otherwise di¤cult to detect (here 2 H, 14 N, 15 N). In an ENDOR experiment (see [47] ) the NMR transitions of individual nuclei in a radical are observed via intensity changes of the monitored EPR transition. This experiment can be performed both in cw- [48] and pulsed mode [49] . The ¢rst order resonance condition X AE ENDOR = MX n þ A/2M shows that line pairs are expected to be symmetrically spaced around the nuclear Larmor frequency X n and split by the respective hfc A. In liquid solution, where the molecules tumble fast enough to average out all anisotropic hfcs, the isotropic Fermi contact hfc (A iso ) is directly obtained. A iso is proportional to the spin density at the nucleus and can also be related to the Z-spin density [50] . Thus, a map of the distribution of the unpaired electron in the molecule can be constructed from the measured and assigned isotropic hfcs. In the solid state (either frozen solutions or single crystals) the full anisotropic hfc tensors with principal components A i (i = x, y, z) are detected [48] . The purely dipolar part of the hf interaction, A i P = A i 3A iso , with A iso = 1/3 TrA, re£ects spin density in nonspherically symmetric orbitals near the nucleus and contains geometric information about the radical. Thus, the hfcs are ideal probes for studying the intimate details of the electronic and geometric structure of a radical. They react in a very sensitive way to structural changes of the molecule and its surrounding.
For P700 c in PSI complexes it has been shown that even at room temperature in liquid aqueous solution isotropic EPR and ENDOR spectra cannot be obtained. This is due to the large particle size (molecular mass of a PSI monomer is V330 kDa) which prevents a tumbling in solution that is fast enough to average out the anisotropic g and hyper¢ne contributions [26, 51] . Thus, powder-type ENDOR spectra are obtained that are quite similar in liquid and frozen solutions. Such spectra of P700 c have been obtained by many authors [7,26,36,51^54] . All research groups basically measured the same hf splits^but often not all hfcs were detected, and the assignment of the hfcs to molecular positions di¡ered. This led to quite di¡erent views of the spin density distribution in P700
c , ranging from a symmetric [5, 53] to a very asymmetric distribution [7, 27] . Even a Chl monomer was reported to act as the primary donor [36] .
A decision about the monomeric or dimeric nature of P700 c should be possible on the basis of the measured and assigned hyper¢ne coupling constants of P700 c . The assignment of a dimeric species requires, a For assignment of the experimentally determined hfcs to the individual hfc tensor diagonal element, A 1 , A 2 , and A 3 , see [26] , errors þ 100 kHz. b Q denotes the angle between the A 3 principal tensor axis and the crystallographic c axis (see Fig. 10 ), error þ 5³. c All three hfc tensors are assigned to the methyl groups of one single chlorophyll molecule. For numbering of molecular positions see Fig. 1 .
however, the detection of hfc's from both dimer halves as shown for the primary donor in bacterial reaction centers [55] . 7 1 ) is increased. This indicates a redistribution of spin density in the Chl macrocycle rather than a delocalization between two halves of a dimer. Based on a comparison of the sum of the 3 large methyl hfcs in P700 c and Chl a c (Table 1) , it has been argued [59] that at least 85% of the spin is located on the`spin-carrying' Chl molecule. This estimate is, however, not very reliable since the electronic structure of Chl a c is in£uenced by solvent, counterion and temperature leading to a variation of the hfcs and of the EPR linewidth (for a compilation of data see Table 1 in [4] ).
Additional information has been obtained recently from ENDOR studies of P700 c in single crystals of PSI from S. elongatus [26] . Some spectra obtained by rotation of the crystals (hexagonal space group P6 3 ) in two crystallographic planes are shown in Fig. 8 , together with the powder spectrum. In these spectra, three hf tensors A to C could be clearly resolved and assigned to the protons of three methyl groups belonging to one Chl a molecule ( Table 2 ). The observed larger hfcs belong to the L-protons (pos. 17, 18 in Fig. 1 ) of the same Chl. In the range of the smaller hfcs strong resonances were observed that were tentatively assigned by Ka «ss [59] to methyl protons of the second Chl half of the P700 c dimer (Table 1). If this assignment is correct, a spin density distribution between the two halves of the dimer would range from 75:25 to 70:30. An assignment to protons from the surrounding amino acids or from smaller hfcs of the spin-carrying Chl a is, however, also possible [26] . The number of di¡erent 1 H nuclei coupled to a Chl a c monomer or even to a dimer is very large and leads to complex 1 H ENDOR spectra. Consequently, attempts have been undertaken to measure the hf and quadrupole tensors of 14 N in Chl a c and Fig. 8 . Complete set of ENDOR spectra for rotation of a PSI single crystal perpendicular to its crystallographic c-axis. Only the intense low-frequency part (below X 1 H ) is shown. Deconvoluted line positions are represented by black dots (c). The rotation patterns A, B and C calculated from the hfc tensors given in Table 2 are included. The theoretical ENDOR powder spectrum resulting from the methyl proton hfc tensors of Table 2 was simulated and is shown (dashed line) together with the experimental spectrum of P700 c in frozen solution (top). Purely axial hfc tensors were used; the positions of the respective parallel and perpendicular hfc values are indicated for A, B and C. Rotation patterns for the small hfcs in the spectra are also indicated (AP, BP, CP). These are obtained by scaling down the values for A, B and C. Ka «ss assigned these couplings to the putative second half of the dimer [59] . For further details see [26] . Adapted from [26] .
P700
c and also the hfcs of 15 N nuclei in respectively labeled materials, using ENDOR and ESEEM techniques [6, 8, 9 ,60^62]. Based on earlier 14 N ESEEM experiments on P700 c and Chl a c Davis et al. [6] postulated that the primary donor is most likely a dimer with an asymmetric spin density distribution over the two halves (ratio 3:1 to 4:1). Subsequent work by Ka «ss et al. [61, 62] also indicated that the unpaired electron is delocalized asymmetrically in a Chl a dimer forming P700 c . 14 N ESEEM experiments on PSI single crystals [8] were interpreted to result from ¢ve nitrogen nuclei, the ¢fth was tentatively assigned to the largest nitrogen coupling of the second half of a Chl dimer forming P700
c . Based on a comparison of the largest 14 N hfcs of both halves a spin density ratio of 7:1 was deduced [8] . This compared well with the strong asymmetry (6:1 to 9:1) obtained from ESEEM experiments on 15 N-labeled P700 c and Chl a c [61, 62] . In the recent work of Mac et al. [9] only four sets of nitrogen couplings have been determined and assigned to one monomeric Chl a c . Further ESEEM and ENDOR work by the same group showed that one additional nitrogen can be detected that was assigned by 15 N labeling to histidine ligated to this chlorophyll [38] . This is in agreement with the work of Webber [63] , Redding [64] , and Krabben [27] and coworkers who identi¢ed one histidine in protein subunit PsaB as a putative ligand of the spin carrying Chl in P700 c . Another possibility to decide on the dimeric or monomeric nature of P700 c lies in the exchange of speci¢c amino acids in the surrounding of the donor. These are expected to interact with P700 c and could thus lead to a shift of the spin density distribution between the halves of the putative Chl dimer. Such a shift should be detectable in the ENDOR spectra as shown earlier for P865 c in bRCs [65] . A series of mutants has been generated [27, 63, 64, 66] ; in particular, histidines were changed which ligate the donor molecules. However, these experiments did not result in very signi¢cant shifts and thus did not lead to a Fig. 9 . 1 H-ENDOR spectra of P700 c in PSI from C. reinhardtii for PsaA (top) and PsaB mutants (bottom) in frozen solution compared to wild-type (wt). The prominent principal components of the hfc tensor for the protons of the methyl group at position 12 of the chlorin ring are marked in WT and mutants by dashed (A N ) and dotted lines (A P ). For the other two methyl group tensors (B,C) only the perpendicular components are indicated for PsaB (cf. Fig. 8 ). For PsaA the central part of the spectra is shown on an enlarged scale (b). Note that the hfcs are not a¡ected. Adapted from [27] .
C detection of hfcs from a second dimer half. The rather small (local) change of the spin density of P700 c upon replacement of the histidine ligands (see Fig. 9 ) is probably due to the fact that other residues or water molecules are ligating the Mg atoms in these mutants. Such e¡ects were already reported for histidine replacement in the bRC of Rb. sphaeroides [67, 68, 93] . The exchange of histidines in C. reinhardtii [27, 63, 64, 66] by site-directed mutagenesis has, however, identi¢ed His(B656) and His (A676) as ligands of P700. In the recent X-ray crystallographic work [13, 69] this was found to be correct. The Chl a is bound to PsaB (His(B656)) whereas the Chl aP is bound to PsaA (His(A676)). Signi¢cant spectral changes were observed in particular for exchange of His(B656), thus it was proposed that this histidine in PsaB ligates the spin-carrying half P700
c . Similar e¡ects of the mutations were also found for the triplet state 3 P700 [27] allowing the conclusion that the triplet exciton is also asymmetrically stored in the donor and is mainly localized on the Chl a (PsaB) side. The results were supported by optical data and by the observed changes of the P700/P700 c oxidation potential (see below).
Orientation of the primary donor
The experiments on P700 c in the single crystals also yielded the tensor axes of the three methyl groups of the spin-carrying Chl a. The axis of the major tensor component is related to the C-CH 3 bond direction. This information (Table 2 ) allowed the determination of the angle between the C-CH 3 bonds and the crystallographic axes [26] . The molecular plane of the Chl a molecule in P700 c was determined to be parallel to the crystallographic c axis. The orientation of this Chl a is depicted in Fig. 10 . Note that the c axis is also parallel to the pseudo C2 axis of the PSI protein that relates the two cofactor branches of PSI to each other. Due to the small spin density on the second half of P700 c , the orientation of the Chl aP could not be determined by ENDOR spectroscopy. The results achieved earlier by EPR on the triplet state 3 P700 [34] are consistent with the structure obtained for P700 c in single crystals.
Calculation of the electronic structure of the primary donor The ¢rst successful calculation of g-tensors of
BChl pigments has been reported some years ago by Plato and Mo « bius [45] who used a semiempirical MO methods (RHF-INDO) based on Stone's g factor theory [39, 92] . Very recently, a similar semiempirical approach (ZINDO) was applied by Bratt et al. [42] to geometry optimized Chl a c in an e¤cient solvent ¢eld, and magnitude and orientation of the gtensor was obtained. The agreement between experiment and calculation is very satisfying [42] . To our knowledge a calculation of the g-tensor of P700 c has not been performed so far. This should, however, be quite straightforward since a reliable structure does now exists for this species [69] . The results of such a calculation should shed some light on the unusual gtensor orientation and help to understand the electronic structure of this species in vivo.
For obtaining the spin density distribution of BChl cation/anion radicals in vitro and of the BChl dimer cation radical in the reaction center semi-empirical calculations of the RHF-INDO/SP type introduced by Plato et al. [70] have proven to be very valuable. Such calculations can even explicitly include the amino acid surrounding of a cofactor which is, at present, di¤cult to do in ab initio and DFT calculations. We have recently started to perform such calculations on the P700 primary donor in PSI (Plato Fig. 10 . Orientation of the spin-carrying Chl a half of P700 c (P B ) with respect to the pseudo C 2 axis of the dimer which is parallel to the crystallographic c axis. This Chl a carries v 85% of the spin density. The orientation of the second half (9 15% spin density) could not yet be determined by ENDOR. For details see [26, 59] . et al., unpublished results). The calculations were based on the geometry provided by the X-ray structure analysis of PSI single crystals of S. elongatus at 2.5 A î resolution (see Fig. 2 ) [69] . The results show that P700 is a supermolecule with a wave function delocalized over the chlorophyll halves of the dimer as found in the primary donors of bacterial reaction centers. 2 The spin density distribution in P700 c is asymmetric (even in the`naked' dimer) with the spin^i.e., the positive charge^mainly localized on the Chl a half. The total spin density asymmetry ranges from V3:1 to V6:1 depending on number and type of surrounding amino acids included in the calculations. A signi¢cant e¡ect on the asymmetry of the dimer results from the A743 threonine residue that forms a tight hydrogen bond to the 13 1 -keto group of the Chl aP. The calculated hfcs are in satisfactory agreement with experiment [26] . The primary donor can therefore be considered to be basically similar to the dimeric primary donors found in bRCs. The simple MO theoretical pictures developed for these dimers [55] are also valid for P700, Fig. 11 .
In this model the Chl aP is considerably stabilized by H-bonds as compared to the Chl a which is not Hbonded to the protein (Fig. 2) . Consequently, as found in the experiments and in MO calculations, the electron spin is mainly localized on Chl a and not on Chl aP.
4.
In£uence of the protein environment on P700 and PSI mutants
Speci¢c mutagenesis of the P700 protein environment
Site-directed mutagenesis has been used to study the PsaA and PsaB subunits from Synechocystis sp. PCC 6803 and Chlamydomonas reinhardtii. Several groups have used site-directed mutagenesis of PsaA and PsaB in C. reinhardtii to identify histidines that might function as ligands to P700 [63, 64, 66] , and subsequently to determine the in£uence of axial ligands on spectroscopic properties of P700 [27] . Of all histidines conserved in both PsaA and PsaB, only mutation of residues in the membrane spanning helices j or jP speci¢cally altered the spectroscopic properties of P700. This led to the conclusion that the axial ligands to P700 are provided by His(A676) and His(B656) in C. reinhardtii).
The PsaA and PsaB axial His residues have been replaced by a range of di¡erent amino acids that has led to a general understanding of the types of amino acids that may substitute for His as a ligand to P700. Replacement of His with smaller uncharged or polar amino acids was found to have a moderate e¡ect (50^60% decrease) on the accumulation of PSI. However, replacement with charged amino acids, or large hydrophobic residues, always resulted in a strong decrease or complete loss of PSI. Interestingly, when similar substitutions are compared between the PsaA and PsaB proteins, mutation of the PsaA subunit always had a more profound e¡ect on PSI accumulation. This probably re£ects the more rigid structure of the Chl aP due to H-bonding, which may make this region less £exible to changes in local protein structure. In contrast, the Chl a of P700 ligated by PsaB is not H-bonded; therefore local changes in protein structure may have less of an e¡ect on PSI stability. Fig. 11 . MO model for P700
c . H-bonds to P A (Chl aP) lower the energy E A of this half and increase the spin-and chargedensity asymmetry of the dimer (see [65, 89] 
In£uence of mutations on P700
Replacement of His(B656) with several di¡erent amino acids has resulted in altered optical and physical properties of P700 (Fig. 3 and Table 3 ). Replacement with Ser and Asn resulted in a +40 mV shift in the midpoint potential of P700/P700
c [63] . Replacement with glycine and cysteine shifted the potential by +100 and +125 mV, respectively [27] . The potential of the His to Leu mutant, a mutation that resulted in a BChl/BPhe dimer in bacterial reaction centers, was not determined because of the low level of PSI accumulation [64] . Mutation of the equivalent His in PsaA to Glu and Ser resulted in a +20 mV shift in the P700/P700 c potential. These results have been explained [63] by the ability of the axial ligand to in£uence the energy level of P700 c relative to the ground state. As is the case of purple bacterial reaction centers [71] , it is expected that in PSI the axial His lowers the energy level of P700 c due to interaction of the positive charge on the porphyrin dimer with the lone electron pair on the His [27] . The extent of interaction between P700 c and any substituted amino acid will therefore depend on the polarizability of the side chain and distance of the side chain from P700
c . This reasoning was used to explain the pattern of change in the P700 c potential with the di¡erent amino acid substitutions that have been made, and explains the strong impact of the substitution of unpolarized Gly [27] . These results demonstrate a role for the axial ligands in ¢ne-tuning of the potential of P700.
The PsaB mutations all resulted in slightly di¡er-ent P700/P700 c optical di¡erence spectra (Fig. 3) . The main bleaching band at 696 nm was blue-shifted approximately 2 nm in all mutants. Also in all mutants, a new bleaching band at 665 nm was apparent [27, 63, 64, 72] . The origin of the absorption at 665 nm is still unclear. The most plausible explanation is an altered excitonic interaction between the two chlorophylls of P700 resulting in an intensity change of the upper exciton band that would then lie around 665 nm. It is likely that the blue shift in the main absorption band and the altered excitonic coupling result from a small shift in the orientation and/or distance between the two chlorophylls of P700. These results would be predicted based on the similar orientation of the primary donor in PSI and bRC. In C. reinhardtii, a positive absorption in the T3S spectra located between 650 and 680 nm [27] was interpreted to arise from interaction of 3 P700 with a neighboring Chl a. Only mutations of the PsaB subunit yield changes in this region of the spectrum, indicating that the triplet state is located on P B (Fig. 4) .
As discussed above, the spin distribution in P700 c has been controversial for several years. ENDOR studies of the various P700 mutants have been performed in detail by Krabben et al. [27] . Only mutations of the PsaB subunit were observed to alter the ENDOR spectra of P700 c with no signi¢cant change in hfcs being found in the PsaA mutants (Fig. 9) . The small magnitude of the e¡ect of the mutations was not that surprising given that the spin density at the Mg 2 ion coordinated by the axial ligand is probably very small. The surprising observation was that predominantly only one single hfc of the methyl group at position 12 was a¡ected by each of the PsaB mutations. Studies of modi¢ed Chl a in vitro have shown that the hfc of this methyl group is very sensitive to small structural changes [57, 59] . The increased hfc of this methyl group is probably caused by a movement of the Chl a or a change in its conformation as a result of substitution of the axial ligand with shorter or non-ligating residues [27] . These ENDOR results were interpreted to indicate that P B carries the electron spin density in P700 c , see above.
E¡ect of P700 mutations on excitation and electron transfer in PSI
In PSI excitation energy is trapped by P700 in 203 0 ps [73^78]. Due to considerable spectral overlap between heterogeneous antenna Chl a molecules and P700 it has been di¤cult to develop appropriate models that describe this energy transfer process in PSI. Two extreme models have been used to describe excitation energy transfer from the antenna to P700. One model assumes that there is a bottle-neck in the antenna which limits the rate of overall excitation energy transfer to P700 and is called the di¡usion-limited model [79] . The alternate trap-limited model assumes that the intrinsic rate of primary charge separation is the limiting factor and so the excitation can visit the trap several times before being used for photochemistry [80, 81] . It is likely that the situation is a mixture of these two extreme models or perhaps a variation of the latter model, termed the special trap limited model, which assumes that energy transfer from long-wavelength absorbing chlorophylls is limiting [79, 82] .
Mutations that alter the potential of P700 would also be expected to alter the electron transfer rate to A 0 . In mutants with an increased midpoint potential, it is reasonable to assume that the free energy of the charge separated state is increased in proportion to the changes in the E m of P700. This was shown to be the case in purple bacteria, where a decrease in the free energy between P* and P H 3 L resulted in a decreased rate of electron transfer between the primary donor P and the bacteriopheophytin acceptor on the L-branch H L [83] . Therefore, the P700 mutants should provide one approach to test the di¡erent models for the role of P700 in excitation energy trapping. The HN(B656) mutation, with a 40 mV increase in midpoint potential of P700, would be expected to slow the rate of charge separation and decrease the trapping time, if a trap limited model is applicable. Indeed, the trapping time was found to almost double from the 30 ps found in wild-type PSI to 65 ps in this mutant (Fig. 12) . This result suggests a role for the rate of P700 electron transfer in limiting the quenching of excitation energy. However, more mutants and other approaches are needed before any de¢nitive model can be developed.
The same mutations also increase the rate of electron transfer from DCPIP to methyl viologen (Table  3) in both thylakoids and isolated PSI. Since DCPIP is a slow donor and is the limiting step for this reaction the altered electron transfer rates re£ect the increased rate of electron donation to P700 in the Fig. 12 . Decay-associated spectra of the exponential components obtained by global analysis of transient absorption kinetics from C. reinhardtii wild-type (A) and mutant HN(B656) (B) PSI excited at 700 nm. Adapted from [72] . mutants due to the increased P700 potential. These mutants are also subject to increased photodamage even in isolated PSI complexes (Ramesh and Webber, unpublished observations). The increased damage is likely due to increased production of triplet state chlorophylls as a result of reduced excitation energy quenching. These later results suggest that P700 is highly optimized for its function in PSI and even slight perturbations may lead to a quite drastic perturbation of the ability of PSI to process the absorbed light energy.
Implications of P700 structure for function
There are several features of the P700 special pair that appear to be conserved with the special pair of bRCs, such as the dimeric nature, the spin asymmetry and the orientation in the protein and the membrane. However, several features of P700 appear unique, in particular the low potential. The detailed structure recently obtained for PSI together with the spectroscopic results now allow some speculation on the reasons for these similarities and di¡erences, but also raises many new questions.
One of the most striking features to emerge from the PSI model is the conserved structure and orientation of P700. The orientation of the Chl a in P700 is very similar to that of the two symmetrically placed bacteriochlorophyll molecules forming the primary donors P865 and P960 in the RCs of the purple bacteria Rb. sphaeroides [84, 85] and Rhodopseudomonas viridis [86] , respectively. The structural similarity of the electron donors in purple bacteria and PSI suggests a common evolutionary origin of these systems [87] . It is interesting to speculate whether such an arrangement is required for maximum e¤ciency of P700 as a light trap, for optimum electron transfer in the reaction center and/or for an e¡ective reduction of P700 c by the soluble electron donor proteins from the lumenal side.
A challenging question is why P700 has such a low oxidation potential compared to BChl in bRC or Chl in solution. In PSI it must be pointed out that the whole PSI ET chain has a lower than expected potential (e.g., A 1 is V700 mV lower than expected). The dimerization of Chl would serve to lower the potential -but the asymmetry observed in the dimer would act in the opposite direction [88, 89] . It is very likely that surrounding amino acids play an important role in poising the potential. It is interesting that all of the axial His mutants have a higher potential, suggesting that the potential of P700 seems to be fully optimized. Hydrogen bonding has been shown to play an important role in modulating the potential of the bRC special pair, with each H-bond increasing the potential by approx. 50 to 100 mV per H bond [90] . In P700 the Chl a side has no H-bonds but Chl aP is H-bonded. The reason for the H-bonding is unclear, as it would both raise the potential and make the dimer more asymmetric. However, as indicated earlier, the H-bonding may be important for Chl aP insertion. Thus, the P700 binding site of the PsaA protein appears to be designed for Chl aP insertion and for maximizing asymmetry. To understand this further, a systematic mutagenesis of Hbonding amino acids and other residues in the PsaA and PsaB subunits is needed. Particularly useful in guiding these studies would be detailed free energy calculations that include contributions of surrounding amino acids [91] . One possibility that cannot be ignored is that additional modi¢ed chlorophylls are present in P700. As described above, the Chl a enol has a much lower potential than the parent Chl a [10] and so would further lower the P700 potential.
Finally, there is the question of whether electron transfer proceeds along one or both pigment branches. As described in this review, all of the data show that the electron spin in P700 c is always located on the Chl a side. This is also clear from the structure and from the dimer model. It is possible, but presently unknown, that there is also an asymmetry to the P700* state. The structure suggests that the photoaccumulated A 3 1 signal is the quinone of the A-side of PSI. If this re£ects that electron transfer occurs along the A-branch, then electron transfer would be initiated from the Chl aP. If this is the case, then the positive charge would retract from the active branch to the Chl a, thereby charge separation would be stabilized. In bRC, it has been shown that a shift of the positive hole in the dimer can alter the rate of P reduction [65] , although this is only a small e¡ect. Recent results from optical spectroscopy of A 3 1 re-oxidation show biphasic kinetics interpreted to represent the involvement of two quinones [14] . This would suggest that both quinones are in fact reduced and so both pigment branches are active. Thus, the issue of directionality in PSI electron transfer is still unresolved. Future studies of A 3 1 mutants may be informative as to the existence of one or two active branches. However, any bias in electron transfer towards one branch must be initiated early in the electron transfer pathway, and will therefore require a more detailed understanding of the role of the protein environment of P700 and of the early electron acceptors.
Note added in proof
Recently we have generated the mutant TV (A739) in Chlamydomonas reinhardtii in which the putative H-bond to the 13 1 carbonyl group of Chl aP (P A ) is removed. This resulted in a decrease of the midpoint potential of P/P by V30 mV. The ENDOR spectra of this mutant indicate a decrease of the spin density of P B . Furthermore, the optical characteristics are signi¢cantly changed. These results support the asymmetric dimer model for P700 discussed in this review. 
